De®cits in cholinergic systems innervating cerebral cortex are associated with cognitive impairment during senescence and in age-related neurodegenerative pathologies. However, little is known about the role of cholinergic pathways in modulating cortical plasticity. Basal forebrain cholinergic neurons are a major target for nerve-growth factor (NGF). In order to investigate the relationship between cholinergic innervation and cortical synaptic plasticity, we exploited a transgenic mouse model in which the activity of NGF in the adult nervous system is neutralized by the expression of blocking antibodies to NGF itself (anti-NGF mice) . J. Neurosci. 20, 2589±2601]. In 6-month-old anti-NGF mice, we show that the reduction in cholinergic innervation of the cortex is associated with different forms of synaptic plasticity impairment. A local, acute increase in the availability of acetylcholine rescues these synaptic plasticity de®cits, thus indicating that a cholinergic system mediates the impairment of cortical plasticity at this early stage of the neurodegenerative process triggered by NGF neutralization. Our results represent an important step in unveiling the pivotal role of cholinergic transmission in modulating adult cortical plasticity.
Introduction
The relationship between cholinergic transmission and higher cognitive functions is well established (Deutsch, 1971; Sarter & Bruno, 1997; Wenk, 1997) . Dysfunction of basal forebrain cholinergic neurons and cholinergic de®cits are associated with cognitive de®cits both in normal ageing (Gallagher & Colombo, 1995) and in age-related neurodegenerative pathologies (Perry et al., 1978; Flicker et al., 1985; Mesulam, 1996; Bartus, 2000) . However, little is known about the role of cholinergic pathways in modulating cortical plasticity.
Basal forebrain (BFB) cholinergic neurons depend on nervegrowth factor (NGF) for their integrity and function (Hefti, 1986; Li et al., 1995; Cattaneo et al., 1999; Debeir et al., 1999) . Indeed, chronic NGF deprivation causes cholinergic hypofunction which in turn leads to spatial learning impairment (Van der Zee et al., 1995; Ruberti et al., 2000) . A transgenic mouse model was recently described in which the activity of NGF in the adult nervous system is neutralized by the expression of blocking antibodies to NGF itself . In the CNS of anti-NGF mice, the expression of anti-NGF antibodies leads to a severe reduction of the cholinergic phenotype of BFB cholinergic neurons . This reduction is already signi®cant at 2 months of age and results, in aged mice, in a more complex neurodegenerative phenotype that closely resembles that found in the brain of Alzheimer's disease patients . In this paper, we took advantage of anti-NGF mice to investigate the relationship between cholinergic innervation and cortical synaptic plasticity, and to address the question whether the cholinergic de®cit induced by chronic NGF deprivation could in¯uence basic forms of synaptic plasticity in the adult cortex.
Materials and methods

Generation of anti-NGF transgenic mice
A detailed description of the production and characterization of anti-NGF transgenic mice has been previously published . Brie¯y, the variable regions of the light and heavy chains of the anti-NGF monoclonal antibody aD11 were cloned, reassembled with constant regions of human immunoglobulins and placed under the transcriptional control of the human cytomegalovirus (CMV) early region promoter. Mice expressing the functional anti-NGF antibody (anti-NGF mice) were obtained by crossing mice expressing the light chain (CMV-VKaD11) with mice expressing the heavy chain (CMV-VHaD11).
Immunohistochemistry
Rats were anaesthetized with urethane (i.p.). Brain slices 400 mm thick and the basal forebrain region were ®xed with 4% paraformaldehyde in phosphate-buffered saline (PBS; pH 7.4) overnight at 4°C. Tissues were then cryoprotected in 30% sucrose in PBS. Fortymicrometre-thick coronal sections were obtained using a freezing sliding microtome, collected in PBS and washed in Tris-buffered saline (TBS) plus 0.3% Triton X-100 (TBST; pH 7.4). Sections were incubated in TBS + 3% H 2 O 2 for 20 min at room temperature then washed three times in TBST. Non-speci®c binding sites were blocked with 30 min incubation in TBST + 10% fetal calf serum. Sections were incubated with the anticholine acetyltransferase monoclonal antibody (1 : 400, ChAT 17) (Umbriaco et al., 1994) , antiphosphotau (1 : 10, clone AT8, Innogenetics, Gand, Belgium), antitangle (1 : 10, clone MIG-T4, Innogenetics), antiamyloid precursor protein (1 : 10, clone 2.F2.19B4, Chemicon Inc., Temecula, CA, USA) or anti bamyloid (mAb 4G8, Senetek, Maryland Heights, MO). Sections were then reacted with a biotinylated antimouse antibody (Dako A/S, Glostrup, Denmark) and the avidin±biotin alkaline phosphatase or horseradish peroxidase complex kit (Vector Labtek, Burlingame, CA, USA). Sections were collected on gelatinized slides, dehydrated and mounted in DPX medium.
Slice preparation
Primary visual cortex slices were prepared from six months old mice. Animals were deeply anaesthetized by urethane intraperitoneal Decreased synaptic plasticity in anti-NGF mice 1031 injection and then decapitated. The brain was rapidly removed and 400-mm-thick coronal sections of the occipital poles were sliced with a vibratome. All steps were performed in ice-cold ACSF solution (in mM: NaCl, 119; KCl, 2.5; CaCl 2 , 2; MgSO 4 , 1.3; NaH 2 PO 4 , 1; NaHCO 3 , 26.2; and glucose, 11) bubbled with 95% O 2 /5% CO 2 . Prior to recording, slices were stored for at least 1 h in a recovery chamber containing oxygenated ACSF solution, at room temperature. During electrophysiological recordings, slices were perfused at 4 mL/min with oxygenated ACSF, at 33 T 1°C.
Electrophysiological recordings
Extracellular ®eld potentials (FPs) were evoked via a tungsten concentric bipolar stimulating electrode placed at the white matter (WM)/layer VI border. The recording electrode was placed in layer II/III. High frequency stimulation (HFS; three trains of 100 pulses at 100 Hz, 10-s interval) protocol was used to induce long-term potentiation (LTP). The paired-pulse (PP) ratio was de®ned as the ratio between FPs elicited by the second and the ®rst stimulus, during HFS for the 10 ms interstimulus interval (ISI), and in the PP protocol for the 50-ms ISI.
To check possible involvement of the cholinergic system the agonist of cholinergic receptors, acetylcholine (ACh; 10 and 100 mM; Sigma, St. Louis, MO, USA) and the inhibitor of acetylcholinesterase, edrophonium (100 mM and 1 mM, Sigma) were used. The antagonist of GABA A receptor bicuculline (50 and 200 mM, Sigma) was also employed. All the drugs were dissolved at the concentrations indicated above in 0.15 M NaCl recording solution and delivered through the recording pipette (Pesavento et al., 2000) , starting 25± 35 min before applying the HFS protocol.
The amplitude of the FPs in layer II/III was used as a measure of the evoked population excitatory current. Baseline responses were obtained with a stimulation intensity that yielded 50±60% of maximal amplitude. All FPs had peak latency from stimulation ranging between 4.5 and 5.5 ms, and maximal amplitude of at least ±0.6 mV. FP amplitude was monitored every 20 s and averaged every three responses by an on-line data acquisition software (Anderson & Collingridge, 2001) . LTP magnitude was measured as the average of FP amplitudes between the 50th and the 60th minute after HFS protocol administration. Values were expressed as mean T SEM percentage change relative to their mean baseline amplitude. Statistical comparisons between experimental groups were performed by applying the nonparametric statistical Rank Sum Test. Differences were considered signi®cant when P`0.05. Control group was composed of both wild-type mice and mice expressing only the heavy chain of anti-NGF antibody. Statistical comparisons among anti-NGF untreated groups, relative to each treatment, revealed that they came from the same population and consequently were pooled together.
Results
Neurodegeneration in anti-NGF mice
The cortex of aged (15 months old) anti-NGF mice displays neuro®brillary pathology including an abnormal distribution of microtubule-associated protein 2 (MAP-2, Fig. 1A and B), as well as extracellular deposits of amyloid precursor protein (APP) and of b-amyloid protein ( Fig. 1C and  D) . In this paper, studies were performed at an age (6 months) at which the cortex is not fully degenerated but shows cytoskeletal abnormalities linked to tau hyperphosphorylation ( Fig. 1E and F) and microtubule-associated protein 2 ( Fig. 1G and H) . At this age, no changes with respect to control mice were observed using antitangle antibodies ( Fig. 1I and J) , while extracellular deposition of APP ( Fig. 1K and L) was present throughout the cortex. In the cortex of 6-month-old anti-NGF mice, no staining of b-amyloid plaques was observed but b-amyloid labelling was con®ned to cerebral vessels ( Fig. 1M and N) . In 6-month-old anti-NGF mice, the number of choline acetyltransferase (ChAT)-immunopositive neurons in the medial septum (Fig. 2B) , diagonal band (Fig. 2B ) and nucleus of Meynert (Fig. 2D ) is strongly reduced with respect to age-matched controls ( Fig. 2C and E, respectively) .
Cholinomimetic drugs rescue LTP in anti-NGF cortical slices
In order to study the impact of anti-NGF-induced cholinergic de®cit on cortical synaptic functions, electrophysiological recordings were 2+ increase (2.5 mM) on LTP expression in control (open squares) and anti-NGF slices (®lled circles) (120 T 8%, n = 9, six mice, and 119 T 3%, n = 7, ®ve mice, respectively). Reduction of ChAT immunostaining in the cortex of (C) anti-NGF as compared to (D) control slices. Rescue of LTP in anti-NGF slices by: local application of (E) 10 mM ACh (.; 114 T 7%, n = 6, six mice, P`0.05) or 100 mM ACh (m; 169 T 10%, n = 6, 5 mice, P`0.001); or (F) 100 mM edrophonium (e; 131 T 10%, n = 8, performed in the primary visual cortex ( Fig. 2A) , where modulatory actions of NGF (Domenici et al., 1991; Gu et al., 1994; Pesavento et al., 2000) and of ACh (Bear & Singer, 1986; Gu & Singer, 1993; Siciliano et al., 1997) have been described. Recordings were performed in brain slices from 6-month-old transgenic anti-NGF and control mice, at an age where no overt neurodegeneration in the cortex is apparent yet . The basic features of synaptic transmission were normal. Indeed, FPs in anti-NGF mice did not differ in their amplitude, latency and time course from FPs in age-matched controls (Fig. 2F) . When HFS was applied to the WM, it elicited a signi®cant and stable LTP in layer II/III of control cortical slices whilst it failed to evoke any signi®cant potentiation in cortical slices from anti-NGF mice (Fig. 3A) . Interestingly, by increasing the concentration of extracellular calcium from 2 to 2.5 mM, a normal LTP could be observed in anti-NGF mice as well, although the posttetanic potentiation was slightly reduced (Fig. 3B) . Thus, it appears that calcium-dependent mechanisms underlying the expression of LTP (Malenka et al., 1992; Bliss & Collingridge, 1993; Malenka & Nicoll, 1999) are preserved in the anti-NGF mice, because even a small increase in extracellular calcium concentration was able to reverse the effects of chronic NGF deprivation. This suggests that the machinery responsible for LTP induction and maintenance is preserved in anti-NGF slices, and that other factors, possibly related to the cholinergic input, are limiting. Indeed, in accordance with what is shown in Fig. 2B and D, the cortex of anti-NGF mice shows a strong reduction of afferent cholinergic ®bers (Fig. 3C ) compared to controls (Fig. 3D) .
This led us to investigate whether it was possible to rescue a normal LTP in anti-NGF slices by overcoming the impairment of the cholinergic transmission. We ®rst tested whether a local supply of exogenous ACh was able to reverse the LTP impairment in anti-NGF cortical slices. Local delivery of ACh, at 10 mM concentration in the pipette ®lling solution, promoted a small but signi®cant LTP, whilst higher concentration of ACh (100 mM) induced a strong potentiation in response to HFS (Fig. 3E) , fully reversing LTP impairment. Because there was a residual cholinergic staining in the cortex of anti-NGF mice (Fig. 3C) , we asked whether an increase in endogenous ACh level was able to rescue LTP in the anti-NGF slices. By inhibiting acetylcholinesterase with the local application of edrophonium (100 mM in the pipette ®lling solution), HFS stimulation of WM induced a signi®cant and stable LTP (Fig. 3F ). Higher concentrations of edrophonium did not increase LTP further (data not shown). These results are in agreement with the facilitatory action exerted by the cholinergic transmission on LTP in the visual cortex (Bro Ècher et al., 1992) .
In addition to ACh, g-aminobutyric acid (GABA) has also been shown to modulate cortical LTP (Artola & Singer, 1987; Kirkwood & Bear, 1994) . We investigated the possibility that LTP impairment in anti-NGF mice could also be relieved by a reduction of GABAergic intracortical inhibition. To this aim, the GABA A receptor antagonist bicuculline was locally delivered, at a concentration of 200 mM. At this concentration, the properties of FPs were left substantially unchanged with respect to control conditions, whilst further small increases of bicuculline induced giant FP appearance and epileptic activity. From Fig. 3G , it is clear that in anti-NGF slices bicuculline delivery did not lead to LTP rescue, inducing only a transient posttetanic potentiation in response to HFS, with FPs recovering to baseline values in » 20±25 min. Local delivery of 50 mM bicuculline was not even able to induce the transient post-tetanic potentiation (data not shown).
Thus, the impairment of cortical LTP observed in anti-NGF mice was caused by the reduction of cholinergic innervation in the cortex and not by de®cits in the machinery responsible for LTP induction and maintenance per se. In keeping with this conclusion, as an effect due to the cholinergic de®cit, LTP impairment was completely rescued by increasing the local availability of ACh, achieved by either the local application of exogenous ACh or acetylcholinesterase inhibitors acting on residual endogenous ACh.
Cholinomimetic drugs rescue STF in anti-NGF cortical slices
Previous results led us to investigate whether other forms of synaptic ef®cacy enhancement were altered in anti-NGF mice and could be rescued by ACh. Analysis of the variation of FP amplitude during the ®rst 50 stimuli of the HFS protocol was carried out for the different experimental groups (Fig. 4A ). This analysis revealed that in control slices and in cholinomimetic-drug-treated anti-NGF slices there was a facilitation in response to the second stimulus, relative to the ®rst one, whilst in untreated anti-NGF slices the second FP was depressed ( Fig. 4A and C) . Nevertheless, all experimental groups showed an exponential progressive depression of FP amplitude induced by successive stimuli without signi®cant differences among groups ( Fig. 4A and B) .
Facilitation of the second FP relative to the ®rst one is a short-term increase of synaptic ef®cacy [short-term facilitation (STF)], which is equivalent to a facilitation induced by a PP protocol with 10 ms ISI (Fig. 4C) . To broaden our understanding of the relationship between PP ratio at (C) 10 and (D) 50 ms ISI, respectively. Application of 100 mM ACh and 100 mM edrophonium induced a signi®cant increment of PP ratio in anti-NGF slices at 10 and 50 ms ISI, whilst at 50 ms ISI 10 mM ACh was also effective in rescuing PP facilitation. *P`0.05, **P`0.01, ***P`0.001. NGF deprivation and STF in the cortex, the study was extended to include a PP protocol with 50 ms ISI (Fig. 4D) . In control slices, there was a facilitation of the second FP (P 2 ) with respect to the ®rst one (P 1 ) in response to PP stimulation ( Fig. 4C and D) . Increasing extracellular Ca 2+ availability suppressed the PP facilitation (data not shown), possibly due to modulation of neurotransmitter release at presynaptic sites and/or of calcium-dependent mechanisms of facilitation at postsynaptic sites (Zucker, 1999) . In anti-NGF slices ( Fig. 4C and D) , the PP ratio (P 2 /P 1 ) was signi®cantly reduced with respect to controls. A signi®cant rescue of PP ratio facilitation was achieved when ACh was locally applied or when local availability of endogenous ACh was increased (Fig. 4C and D) . These results indicate that chronic NGF deprivation induces an impairment of STF, which was restored when anti-NGF slices were treated with cholinomimetic drugs.
Correlation analysis between LTP magnitude and PP ratio before HFS Finally, we analysed the relationship between STF and LTP expression (Fig. 5) . In control slices, the magnitude of the PP ratio during baseline recording was directly correlated with the degree of potentiation in response to tetanic stimulation (Fig. 5A) , at both 10 and 50 ms ISI. This indicates that inputs associated with a higher PP ratio before HFS were more strongly potentiated after tetanic stimulation. In contrast, no signi®cant correlation was found between PP ratio and LTP in slices from anti-NGF mice (Fig. 5B) . At higher extracellular Ca 2+ concentration, in anti-NGF slices (Fig. 5C ), the correlation between PP ratio magnitude and degree of potentiation was still lacking, despite the fact that LTP was rescued in these conditions (Fig. 3B) . Remarkably, local application of cholinomimetic drugs in anti-NGF slices were able not only to rescue LTP but also to restore the positive linear correlation between PP ratio magnitude and the degree of potentiation (Fig. 5D±F) as observed in control slices. Bicuculline application did not lead to any signi®cant correlation between PP ratio and LTP (data not shown).
Discussion
It is well known that cholinergic transmission has a role in modulating memory and attentional processes (Wenk, 1997; Baxter & Chiba, 1999) and cortical plasticity in sensory cortices (Bear & Singer, 1986; Baskerville et al., 1997; Kilgard & Merzenich, 1998) . In the present work, we investigated the relationship between cholinergic innervation and cortical synaptic plasticity. In particular, we addressed the question whether the cholinergic de®cit induced by chronic NGF deprivation could in¯uence basic forms of synaptic plasticity in the adult cortex.
In hippocampus, disruption of cholinergic projecting ®bers by several methods appears to have no effect on the expression of LTP (Kleschevnikov et al., 1994; Jouvenceau et al., 1996) , whilst pharmacological activation or inhibition of the cholinergic transmission gives con¯icting results (Williams & Johnston, 1988; Blitzer et al., 1990; Sokolov & Kleschevnikov, 1995) . In the normal visual cortex, we have found that cholinomimetic drugs induce an enhancement of LTP when locally supplied (E. Pesavento and L. Domenici, unpublished data) , suggesting that the cholinergic system exerts a facilitatory action in synaptic plasticity. These data are in line with data reporting enhancement of LTP by cholinergic agonists in rat visual cortex and piriform cortex (Bro Ècher et al., 1992; Hasselmo & Barkai, 1995) .
In the present paper, we show that in the cortex the degree of synaptic strength enhancement is strongly dependent on the cholinergic system integrity. In anti-NGF mice, whose cortex is deprived of the cholinergic input, STF is reduced and the correlation with the degree of LTP is lost. Increasing the cholinergic signalling restores the ability of cortical synapses to be potentiated, including the correlation between STF and LTP, unlike calcium increase which rescues LTP impairment but not its correlation with STF.
Altogether, our results suggest that the observed impairment of cortical synaptic plasticity in the cortex of anti-NGF mice is unlikely to be due to a widespread degeneration of the cortex, rather than to a speci®c cholinergic de®cit. Indeed, at this age, the cortex of anti-NGF mice bears a limited subset of neurodegenerative markers observed in aged mice . In keeping with this observation, synaptic transmission in transgenic mice did not appear to be affected by NGF deprivation. Thus, the ability of cholinomimetic drugs (ACh and edrophonium) to restore a signi®cant and stable LTP as well as STF, in cortical slices of anti-NGF mice, indicates that the cholinergic system appears to be the candidate mediating the observed alterations of synaptic plasticity at this stage of the neurodegenerative process. Interestingly, LTP in the CA1 region of the hippocampus of 6-month-old anti-NGF mice appears not to be affected (E. Cherubini, A. Kasyanov, S. Capsoni & A. Cattaneo, unpublished data) , suggesting that, at this age, the regulatory in¯uence of the cholinergic afferent system is greater in the cortex than in the hippocampus. The present study, which exploits an animal model that links a de®cit in NGF signalling on cholinergic neurons to a more complex and progressive neurodegenerative process, de®nes the cholinergic signature and the functional role of acetylcholine in cortical plasticity.
